Abstract: Tumour necrosis factor receptor-associated factor 3 (TRAF3) is a member of the TRAF adaptor protein family, which exerts different effects on the cell depending on the receptor to which it binds and the cell type in which it is expressed. TRAF3 is a major regulator of the innate immune response. To perform its functions properly, TRAF3 is transcriptionally and epigenetically regulated. At the transcriptional level, TRAF3 expression has been associated with neurological and cardiovascular diseases including stroke, among other pathologies. Epigenetic modifications of TRAF3 have been observed at the histone and DNA levels. It has been observed that acetylation of TRAF3, as well as other NF-κβ target genes, is associated with cardiac hypertrophy. Furthermore, TRAF3 methylation has been associated with vascular recurrence after ischemic stroke in patients treated with clopidogrel. In this overview, we summarise the most interesting studies related to transcriptional and epigenetic regulation of TRAF3 focusing on those studies performed in neurological and cardiovascular diseases.
Introduction
The tumour necrosis factor receptor-associated factor (TRAF) family is composed of adaptor proteins which mediate different transduction signal pathways through different receptors: tumour necrosis factor receptors (TNFRs), toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs) and other cytokine receptors (1) (2) (3) . These receptors mediate transduction signals of cell survival, proliferation, differentiation, activation and migration. There are seven members of the TRAF family (TRAF 1-7). TRAF2, 3 and 6 are expressed in almost all cell types and tissues, whereas TRAF1, 4 and 5 have a more restrictive expression pattern. Structurally (Figure 1 ), all the TRAF members have a TRAF domain in the C-terminal. The TRAF domain is divided into TRAF-N and TRAF-C. The TRAF-N domain is helical and is folded into a coiled coil to allow oligomerisation of TRAF proteins. The TRAF-C domain promotes oligomerisation and interaction with cytoplasmic factors. TRAF7 does not have a TRAF-C domain; instead, it has seven WD40 domains. All TRAFs have a RING-finger domain in the N-terminal, except TRAF1, plus a variable number of zinc finger motifs. TRAF2, 3, 5 and 6 have five zinc fingers, TRAF1 has only one zinc finger and TRAF4 has seven zinc fingers (4, 5) . The RING and zinc finger domains are necessary for the transduction of signals (6) participating in the activation of the kinases cascade (7) .
The most studied pathways activated by TRAF members are NF-κβ and AP-1 transcription factor pathways (8) . NF-κβ is related with cell proliferation, survival and differentiation. TRAFs are also involved in immunological and inflammatory responses through the induction of the transcription factors NF-κβ and interferon-regulatory factor (IRF) (4, 9) . AP-1 is a dimeric transcription factor not only related with proliferation and survival signals but also with apoptotic and stress signals (7) .
The different members of the TRAF family have divergent and non-redundant roles, but they also have overlapping roles in the control of cellular processes and the regulation of multiple signal transduction pathways (4) .
TRAF3 regulates multiple pathways through its interaction with receptors, adaptors, kinases and regulatory proteins (10, 11) . The main pathways regulated by TRAF3 are the canonical and non-canonical NF-κβ pathway (12) and the JNK pathway (13) .
TRAF3 is an inhibitor of the non-canonical NF-κβ activation induced by the lymphotoxin-β receptor (LTβR) and the canonical NF-κβ pathway, thus inhibiting the inflammatory response (Table 1) (8, 12) .
TRAF3 is a critical regulator of the antiviral innate response and interferon (IFN) I production (8) . As TRAF3 controls the innate and adaptive immune responses, its deficiency implies the development of immunodeficiency syndromes (Table 1) (12) . TRAF3 degradation plays an important role in activating the canonical and non-canonical NF-κβ pathways leading to the production of IFN. However, in other cases, TRAF3 exerts the opposite effect in the regulation of NF-κβ activation (14) .
TRAF3 is a negative regulator of JNK but in some circumstances, for instance, when TRAF3 is myristoylated, it can be a positive regulator of JNK. After a stroke, JNK is important in regulating inflammation and neuronal survival (Table 1) (13) .
One example of JNK positive regulation mediated by TRAF3 is produced when latent membrane protein 1 (LMP1) encoded by the Epstein-Barr virus (EBV) is active. TRAF3 is necessary for sustained B cells activation mediated by LMP1 through the downstream activation of JNK and NF-κβ (Table 1) (14). (13, 15, 16) NF-κβ, JNK and Rac-1 Stroke, SCI B cell activation (14) NF-κβ and JNK Multiple myeloma, EBV infection Microglia activation (17) MAPK and NF-κβ Multiple sclerosis Osteoclastogenesis (21) NF-κβ Osteoporosis Platelet aggregation (23) Vascular recurrence in patients treated with clopidogrel HIV, human immunodeficiency virus; SCI, spinal cord injury; EBV, Epstein-Barr virus. In addition, CD40, a TNF receptor, and LMP1 share TRAF3 for signal transduction in the activation of B cells (14) . Interestingly, mutations which inactivate TRAF3 are associated with B cell diseases, especially multiple myeloma (15) .
TRAF3 also mediates apoptosis in some cellular types. In some studies, it has been shown that TRAF3 has a proapoptotic effect when it binds to CD40. It has also proapoptotic effects when it binds to the JNK upstream kinase ASK1 (16) .
TRAF3 expression
The expression and mRNA levels of TRAF3 are regulated under different conditions. In stroke, TRAF3 is associated with neuronal death (11, 13) , although other associations with other neurological conditions such as spinal cord injury (SCI) (15) and multiple sclerosis (17) have also been observed. In cardiovascular disease, an altered expression of TRAF3 is related with cardiac hypertrophy (10), atherosclerosis (18, 19) and arterial injury (20) .
TRAF3 and neurological deterioration
In a study performed using a mouse model of stroke with middle cerebral artery occlusion (MCAO), TRAF3 was found overexpressed in neurons from the hippocampus, cortex and striatum after ischaemia/reperfusion injury. This overexpression was associated with neuronal loss and larger infarct size. The authors found that TRAF3 interacts with TAK1 at the C-terminal domain and facilitates its phosphorylation and activation, which activates the NF-κβ, Rac-1/NADPH oxidase and c-Jun kinase/cJun pathways. The interaction of TRAF3 with TAK1 was responsible for the neuronal death produced in MCAO mice. Inhibition of TRAF3 or TAK1 suppressed this neuronal death (13) . TRAF3 increased Rac-I phosphorylation and thereby, NADPH mRNA was overexpressed (13) . Higher levels of antiapoptotic proteins (BCL-2) from the apoptotic mitochondrial signalling pathway were observed compared with the levels of proapoptotic proteins (Fas, FasL, Bax and Bad) in TRAF3 knockout mice. Overexpression of TRAF3 reversed this effect, confirming that TRAF3 plays a role in the suppression of antiapoptotic protein expression and activation of proapoptotic protein expression (13) .
Another study observed the same association between TRAF3 and neuronal death and infarct size (Table 1) (11).
The authors observed that the inhibition of TRAF3 expression by miR-455 binding reduced infarct size in mice brains after MCAO and suppressed neuronal death in cortical neuronal culture after oxygen-glucose deprivation (11) . After MCAO, levels of miR-455 decreased, increasing TRAF3 expression, which in turn increased neuronal death and, thereby, infarct size (11) .
This association of TRAF3 with neuronal death and infarct size after ischaemia in mouse models of stroke has led some authors to postulate its potential role as a drug target to reduce poor outcomes after ischaemic stroke (13).
TRAF3 and neurological diseases
TRAF3 was observed to be upregulated in SCI in mice, with a peak on day 1 after the injury. SCI is mediated by two steps. In the first one, tissue detrition and necrosis occurs after the external injury. The second one involves an apoptotic process, oedema formation, electrolytic imbalance, ischaemia and inflammation, among other processes (15) .
Upregulation of TRAF3 and its peak on day 1 was correlated with overexpression of proapoptotic proteins from the apoptotic mitochondrial pathway. It was also associated with increased active caspase 3 and phosphorylated JNK, and at the same time with a decrease in antiapoptotic proteins (Table 1 ). In accordance with these findings, TRAF3 affects JNK phosphorylation and activation to induce cellular apoptosis, a common phenotype after SCI. Whether this molecular mechanism can be generalised to other central nervous system injuries has yet to be evaluated (15) .
Another study found that TRAF3 expression was crucial for the Peli1-induced microglia activation in an experimental model of multiple sclerosis (17) . Peli1 is an E3 ubiquitin ligase highly expressed in microglia, which regulates microglia activation through the regulation of a signalling pathway which leads to TRAF3 degradation (Table 1 ) (17).
TRAF3 and cardiovascular disease
Cardiac hypertrophy is an early condition of heart failure and different stimuli lead to this condition, such as hypertension or ischaemia. TRAF3 was identified in a study with mice and failing human hearts as a regulator of cardiac hypertrophy in response to high pressure levels (10) . As expected, TRAF3 knockout mice had significantly lower cardiac hypertrophy, fibrosis and dysfunction (10) . In contrast, transgenic mice with an overexpression of TRAF3 had increased hypertrophy, fibrosis and heart dysfunction (10). It seems that the mechanism by which TRAF3 mediates the development of hypertrophy is through binding with TBK1 and subsequent TBK1 phosphorylation (10) .
TRAF3 was also found upregulated in murine and human atheromatous plaques compared with fibrous plaques (18) . When TRAF3 was silenced in isolated human and murine endothelial cells, IL-6, MCP-1 and IL-8 were overexpressed. These results support the inhibitory role of TRAF3 in CD40L-induced proinflammatory gene expression ( Table 1 ). The stimulation of endothelial cells with IL-1β and TNFα also induced the expression of TRAF3 (18) . Similarly, atherosclerosis was related with CD40 stimulation in another study (19) . It was found that the atheroprotective property of shear stress is mediated by TRAF3 upregulation in isolated human endothelial cells (19) .
Another study evaluated the role of CD40 and TRAF proteins in the underlying mechanism of restenosis (neointima formation) after artery injury in mice (20) . The authors observed upregulation of CD40, TRAF proteins, including TRAF3, NF-κβ p65 and phospho-NF-κβ p65 in the injured carotid artery (20) .
TRAF3 and other conditions
Other conditions in which TRAF3 expression is affected are osteoclastogenesis (21) and viral infection, such as human immunodeficiency virus (HIV) infection (12) .
One study evaluated the role of TRAF3 in osteoclastogenesis induced by the cytokine RANKL (Table 1) (21) . The authors found that TRAF3 limited osteoclast formation induced by RANKL, through inhibition of the canonical and non-canonical NF-κβ pathways (21) .
In viral infection (12, 22) , increased expression of miR-32 was correlated with the levels of HIV-1 Tat protein (associated with HIV-associated neurological disorder). Interestingly, the target of miR-32 is TRAF3. This interaction inhibits TRAF3 expression in microglial cells, enabling the production of IFN through IRF7 activation (Table 1 ) (12).
TRAF3 epigenetics
Epigenetic modifications are stable, heritable and reversible changes which are modulated by multiple factors such as genetics, environment and different phenotypes (22) .
Different pathologies, such as cardiovascular diseases, are associated with epigenetic alterations (23, 24) .
Different epigenetic modifications such as histone modifications, DNA methylation and mechanisms acting on RNA, mainly microRNAs (miRNAs), can modulate gene transcription (23, 24) .
The main histone modification is histone acetylation. Histones are the basic unit of the nucleosomes. The N-terminal tails of histones are modified by histone acetyl transferases (HATs) and histone deacetylases (HDACs), which acetylate and deacetylate, respectively. Acetylation is usually associated with gene activation while deacetylation is usually associated with gene inactivation (25) .
DNA methylation consists of the addition of a methyl group to the 5′ carbon of a cytosine, mainly in the context of cytosine and guanine dinucleotide (CpG site) (24) . DNA methylation is usually associated with transcription repression, in contrast with unmethylated DNA, usually associated with active transcription (23) (24) (25) .
MiRNAs are small molecules consisting of 20-25 nucleotides which are bound to the RNA-induced silencing complex (RISC) to target specific mRNA sequences, mainly in the 3′ UTR, to inhibit their transcription (23) . As mentioned above, TRAF3 expression could be regulated by an miRNA, miR-455 (11) .
TRAF3 was found to be epigenetically regulated in three conditions: cardiac hypertrophy (25) , acute lymphoblastic leukaemia (ALL) (26) and vascular recurrence in patients treated with clopidogrel (22) .
In a study analysing the role of acetylation/deacetylation in myocardial hypertrophy, the authors found an altered acetylation pattern in mice with myocardial hypertrophy compared with controls. It was observed that cardiac hypertrophy was associated with increased acetylation and activation of TRAF3 and other NF-κβ target genes. HDAC inhibition was associated with an antiinflammatory effect and, therefore, with cardio-protection through histone deacetylation and inactivation of NF-κβ target genes, including TRAF3 (25) .
Regarding the epigenetic regulation of TRAF3 in ALL, the genome-wide methylation profile was analysed in ALL using methylated CpG island recovery assay followed by next-generation sequencing (26) . Then, the authors performed whole-transcriptome analysis and integrated this data with the methylation data. The study found more than 25 000 differentially methylated regions (DMRs). The authors found DMRs in 'enhancer-like' regions, in which altered methylation was associated with altered expression in neighbouring genes. Among these genes, TRAF3 was downregulated by hypermethylation of an 'enhancerlike' region (26) .
In addition, TRAF3 methylation has been associated with vascular recurrence after ischaemic stroke in patients treated with clopidogrel. Patients suffering ischaemic stroke present a higher risk of suffering new cardiovascular events. To prevent vascular recurrence, antiplatelet agents such as clopidogrel are administered in these higher risk patients. However, despite antiplatelet treatment, 10%-20% of the patients develop a recurrent vascular event. Using an epigenome-wide association study (EWAS) in 42 patients, 21 with vascular recurrence and 21 without vascular recurrence, and analysing over 480 000 DNA methylation sites, it was observed that lower methylation levels of TRAF3 were associated with a higher risk of new vascular events. These results were replicated in a new cohort of 191 patients. In addition, the methylation levels of TRAF3 were associated with platelet aggregation activity (22) .
Conclusions
To summarise, TRAF3 is regulated in multiple ways affecting disease status. TRAF3 undergoes regulation at the mRNA level as well as at the DNA and histone levels by epigenetic modification.
It is important to highlight the relevant role of transcriptional regulation of TRAF3, which is caused primarily by epigenetic modifications. These modifications affect the regulation of TRAF3 exerted on atherothrombotic processes, and are associated with vascular recurrence in patients treated with clopidogrel and the formation of atheromatous plaques. These findings suggest that epigenetics could play an important role in cardiovascular diseases, and particularly in TRAF3 regulation, and this should be further studied.
The critical role of TRAF3 in multiple diseases makes it a good candidate as a target for treatment therapies, such as treatment of neurological deterioration after ischaemic stroke.
Compared with the large number of studies on the expression level of TRAF3, little is known about the epigenetics of TRAF3. In the future, functional analyses studying the effects of TRAF3 epigenetic modifications are necessary. 
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